The ßowers of the jasmine Jasminum sambac (syn. Nyctanthes sambac) are an important raw material for the extraction of ßavors and fragrances as well as tea processing. Currently, the jasmine ßower is cultivated mainly in Guangxi, Fujian, Yunnan, Zhejiang, Jiangsu, Sichuan, Chongqing, Hunan, and Jiangxi provinces in China, with an estimated total area of around 10,000 ha, nearly two-thirds of the worldÕs total cultivated area (Dong and Zhang 2001) . The area under jasmine cultivation has grown rapidly in the last decades in Sichuan, Guangxi, and Yunnan and is important for the local economies, yielding 40 million U.S. dollars revenue annually just in the county of Qianwei, Sichuan. The economic loss caused by pest infestation, however, accounts for 70% of total damage. The major pest is the jasmine bud borer Trichophysetis cretacea (Lepidoptera: Crambidae) (Wang et al. 2001 , Wei et al. 2005 , Yang et al. 2008 .
Infestation by T. cretacea larvae occurs from April to December, but is highest from late August to October in the southwestern regions of China (Wang et al. 2001) . The larvae mainly bore into young jasmine shoots, buds, and ßowers, with a damage level of 90% or more (Dong and Zhang 2001) . Herbivory by the bud borer leads to purple ßowers and empty buds, dramatically reducing ßower quality and economic value. T. cretacea is difÞcult to control because of its boring habit. Meanwhile, the inability to monitor the pest population has limited the efÞcient use of pesticides. Pesticide overuse by farmers has led to significant chemical residue in the jasmine ßowers and resistance of the bud borers to pesticides (Wei et al. 2006) . These issues increase the production costs and decrease the value of green tea for both domestic consumption and export. There is a general need to develop and apply biorational technology to control pests worldwide.
Five decades of pheromone research have led to the discovery of hundreds of insect pheromones and other semiochemicals, which are used to detect and monitor populations of insects and to protect plants and animals against pests (El-Sayed 2011 , El-Sayed et al. 2006 , Baker 2009 , Witzgall et al. 2010 . However, the lack of knowledge of the natural attractants and the mating behavior of T. cretacea have limited our ability to control this signiÞcant agricultural pest using such methods. Moreover, the composition of T. cretacea sex pheromone was not known until now. In an attempt to address the limitation of current tools for monitoring and controlling the jasmine bud worm, we have studied the sex pheromone of this species and developed 
Materials and Methods
Insects. Late instar larvae were collected from the Þeld at the Qianwei Station of Plant Protection and shipped to Ningbo by express mail in June to August, 2010, and reared until eclosion. Newly emerged moths were collected and separated by sex twice daily, and then placed inside screened cages (30 ϫ 20 ϫ 15 cm) and provided with dilute sugar solution on cotton disks.
Moths caught in the pheromone traps were shipped to the Institute of Zoology, Beijing. A few yellow moths in some traps were identiÞed by Dr. Chunsheng Wu as Nymphicula mesorphna (Meyrick) (Lepidoptera: Crambidae, Nymphulinae), which is distributed in Thailand, Burma, Vietnam, Japan, and the Chinese provinces of Zhejiang, Jiangxi, Guangxi, Sichuan, Guizhou, Yunnan, and Tibet. The main pest species in the traps was identiÞed as T. cretacea by Dr. Fuqiang Chen. All moth samples were deposited in the Insect Collection (Institute of Zoology, Beijing).
Chemical Extracts. Abdominal tip glands from 3-to 5-d-old virgin female moths, which had been identiÞed as the source of the sex pheromone based on observations of mating behavior, were used to obtain the crude pheromone extract. Glands were removed Ϸ6 Ð7 h into the scotophase by gently pressing on the abdomen to evert the gland, gripping the abdomen just anterior to the gland with forceps, and slicing the gland off with a razor blade such that the gland remained inßated in the forceps. The gland then was dipped for 30 s into a glass vial with Ϸ200 l of redistilled hexane. Five to 10 female moths were used to obtain each gland extract. These extracts were transferred into a glass capillary with sharpened bottom and stored at Ϫ20ЊC for future analysis after concentration under a thin stream of high purity nitrogen.
Chemical Identification. Female moth abdominal tip extracts were analyzed by gas chromatography coupled to mass spectroscopy (GC-MS) and conÞrmed by comparison to standard synthetic compounds. GC-MS was conducted in an Agilent 6890GC-5975MS equipped with a DB-35 column (30 m, 0.25 mm, 25 m). Inlet temperature was 275ЊC, ion source temperature was 230ЊC, and energy voltage was 70eV. Helium was used as the carrier gas. The temperature program was 60ЊC for 1 min, 10ЊC per min to 180ЊC, 3ЊC per min to 250ЊC and Þnally holding at 250ЊC for 10 min.
Chemical Source. Unless otherwise noted, all commercially available reagents were purchased from Aladdin-reagent (Jingchun Inc., Shanghai, China). (L)-Linalool was purchased from Sigma-Aldrich (St. Louis, MO). All solvents were redistilled. E11Ð16:Ac, Z9 Ð16:Ald, and Z11Ð16:Ac were purchased from Bedoukian Research Inc. (Danbury, CT). Z11Ð16:Ald and Z11Ð16:OH were synthesized from Z11Ð16:Ac by hydrolyzation and oxidization with pyridinium chlorochromate (PCC) (Tellier and Descoins, 1990, Grigorieva and Tsiklauri, 2000) . E11Ð16:Ald was obtained from E11Ð16:Ac through the same steps as described above. Each compound was puriÞed by silica gel ßash chromatography, resulting in Ն97% purity conÞrmed by gas chromatography. The product was transferred to a clean glass vial and stored in a Ϫ20ЊC freezer.
Electroantennogram (EAG)
Recording. An antenna from each moth was excised at its base. A reference electrode (saline-Þlled glass capillary, 2 mm inner diameter slipped over a 0.4-mm-diameter silversilver chloride wire) was inserted into the base of the antenna and the recording electrode brought into contact with the tip of the antenna. Both glass capillaries were Þlled with Kaissling electrophysiological solution, containing 354 mmol glucose, 1 mmol calcium chloride, 20 mmol potassium dihydrophosphate, 6.4 mmol potassium chloride, 12 mmol magnesium chloride, 12 mmol sodium chloride and potassium hydroxide to adjust the pH to 6.5 (Yan et al. 1994 ). The silver-silver chloride wire inside each glass capillary was connected to the preampliÞer of a Syntech EAG recording system, and then to the Syntech IDAC-2 and oscilloscope for monitoring. The signal was saved on a computer and analyzed by software (Syntech EAG 2000) . Stimulus presentation was accomplished by pufÞng air over a Þlter paper containing the test compound into a continuous air stream directed at the antenna through a Pasteur pipette. The air ßow was 1,200 ml/min, and the air was cleaned by activated charcoal and humidiÞed via a water bottle. For each compound and concentration, a 6 ϫ 0.5 cm strip of Þlter paper was impregnated with 10 l of the stock solution and inserted into a glass dropper. The end of the dropper was connected by Teßon tubing and a cut-off valve to a pressurized air supply. To stimulate the antenna, the tip of the dropper was inserted into a hole in the Pasteur pipette and a 0.1-s air puff (air ßow 40 ml/min) introduced the test compound to the air stream. To avoid effects of sensory adaptation, the interval between each stimulus was at least 30 s. Antennae from ten male and female moths were used for each treatment. All compounds were diluted with parafÞn oil (0.0001Ð1 l, Þve different concentrations for each compound). A 10-l aliquot of parafÞn oil on the Þlter paper was used as the control. This system was used to test antennal response to the pheromone compounds and their isomers as well as to (L)-linalool.
Field Trials. Silicon rubber septa (Ϸ14 mm long, 5 mm o.d.) (NewCon Inc., Ningbo, China) were used as pheromone dispensers (lures). Pheromone compounds were solubilized and mixed in redistilled hexane as required for each experiment. A 100-l aliquot of each stock solution was pipetted into each septum, the hexane was evaporated off at room temperature, and the septa were sealed in an aluminum foil bag. The pheromone lures were shipped by courier to test locations in Qianwei County, Sichuan. Lures were kept in a Ϫ20ЊC refrigerator when not in use. The attractiveness to male moths of each chemical lure was tested in wing traps (NewCon Inc.). The wing trap consists of two saucer-shaped disks facing each other and separated by 2 cm: the top is green plastic and the top surface of the lower disk is covered with disposable sticky paper, which is replaced as needed during the experiments. The number of moths trapped was counted every other day or once a week in some experiments. Three traps were used for every treatment. The trap density was 45 traps per ha.
Data Analysis. Data analysis was conducted by DPS 8.01 software (Tang and Feng 2007) . Analyses for signiÞcant differences between data were conducted by one-way ANOVA (analysis of variance [ANOVA]), and multiple comparisons were conducted using Duncan multiple range test (P Ͻ 0.05).
Results

Identification of Sex Pheromone Compounds.
The crude extract of female T. cretacea pheromone glands was analyzed by GC-MS, as shown in Fig. 1 . Of the 12 extracts we obtained from calling virgin moths, Þve showed three reproducible peaks. No clear peaks were seen in the rest of the extracts. The determination of chemical structure was relatively straightforward. The mass spectrum of peak A was identical to that of synthetic Z11Ð16:Ald, having an ion at m/z 220 resulting from loss of water (M-18) from the molecular ion (9.9%), and a base peak at m/z 55 (100%). Peak B is a monoene C16 alcohol with three base peaks (m/z 55 (100%), m/z 82(78.8%), m/z 220 (1%)). Peak C is clearly a monoene C16 acetate with the M-60 at m/z 222 (18.7%) and m/z 61 (16.9%). We compared the retention times of those peaks to those of E11Ð 16:Ald, Z11Ð16:Ald, and Z9 Ð16:Ald. We Þnally focused on Z11-or E11Ð16 aldehyde, Z11-or E11Ð16 alcohol, Z11-or E11Ð16 acetate. The Z-and E-isomers were very slightly separated in the mixed injection of compounds by GC. The ratio of acetate, aldehyde, alcohol in the crude extracts was roughly 100:40:20, and the alcohol was undetectable in some extracts by GC-MS analysis.
EAG Responses of Male Moths to Synthetic Compounds.
The EAG responses of male and female T. cretacea moths to (L)-linalool, E11Ð16:Ald, Z11Ð16: Ald, Z11Ð16:OH, Z11Ð16:Ac, and Z9 Ð16:Ald are shown in Fig. 2 . (L)-Linalool, which was the key compound from our solid phase micro-extraction (SPME) analysis of the ßoral odor of the jasmine ßower in the GC-MS, was used to represent the jasmine ßoral component. Both female and male T. cretacea moths responded strongly to (L)-linalool. Female moths showed no signiÞcant responses to pheromone compounds and their isomers. The response of male antennae was weakest to Z9 Ð16:Ald at all tested doses (P Ͻ 0.05). Z11Ð16:Ald evoked the highest response at each dose (P Ͻ 0.05). No signiÞcant responses were observed to any compounds at 10 Ϫ4 and 10 Ϫ3 l (P Ͻ 0.05). The lowest dose at which pheromone compounds elicited a response was 10 Ϫ2 l. The response to Z11Ð16:OH at 10 Ϫ1 l was lower than to Z11Ð16:Ald and Z11Ð16:Ac (P Ͻ 0.05).
Field Bioassay of Chemical Blends. In the Þeld trials that started on 10 May 2010, none of the blends containing (E)-isomers (E11Ð16:Ald, E11Ð16:OH, E11Ð16: Ac) caught male moths. Therefore, blends composed only of the (Z)-isomers (Z11Ð16:Ald, Z11Ð16:OH, Z11Ð16:Ac) were used in Þeld trials starting 20 August 2010. Figure 3 shows the average number of moths caught per night per trap, 23 August through 5 September 2010. One of the blends, 200 g Z11Ð16:Ac and 25 g Z11Ð16:OH, did not attract any T. cretacea, but did attract a species of yellow moth, later identiÞed as N. mesorphna. None of the blends lacking any one of the three components were attractive to male T. cretacea. The ternary blend of 200 g Z11Ð16:Ac, 100 g Z11Ð16:Ald, and 100 g Z11Ð16:OH attracted the most moths in late August.
Optimization of Pheromone Blend Ratio. Chemical blends of Z11Ð16:Ac, Z11Ð16:Ald, and Z11Ð16:OH at different ratios were tested in jasmine Þelds in 3Ð27 September 2010 (Fig. 4) and 18 October through 3 November 2010 (Fig. 5) . In the September Þeld test (Fig. 4) , traps with lures formulated from ternary blends containing 200 g Z11Ð16:Ac, 200 g Z11Ð16: Dose-Response Trials. The dosage of chemical blend in the pheromone lure is a key factor affecting its attractiveness to male moths. To determine the best dose we tested blends containing 400 g, 300 g, 200 g, 100 g, 50 g, and 25 g of Z11Ð16:Ac per lure at a 10:10:1 ratio of Z11Ð16:Ac, Z11Ð16:Ald, and Z11Ð 16:OH in the jasmine Þeld in 11 September through 27 2010. The data showed that 200 g Z11Ð16:Ac per lure was the most effective dose (Fig. 6A) . Interestingly, when the experiment was repeated using the same batch of lures during 3 November through 16 November 2010 (Fig. 6B) , the trap catch by 400 g Z11Ð16:Ac per lure was as high as by 200 g (P Ͻ 0.05).
Discussion
The identity of the pest species that infect jasmine ßowers in China has long been uncertain. Hendecasis duplifasciaslis has been reported to be the major bud worm in the jasmine ßower (Suganthi et al. 2006 ). However, more recent papers describe T. cretacea as the key bud worm (Wei et al. 2005 , Yang et al. 2008 . In our Þeld tests we trapped two species, T. cretacea and N. mesorphna, which differ in their pheromone blends.
To date, there have been no reports on the sex pheromone of T. cretacea and N. mesorphna, or any species in the subfamilies Cybalomiinae and Nymphulinae. We report here that the sex pheromone of T. cretacea is Z11Ð16:Ac, Z11Ð16:Ald, and Z11Ð16OH. Through a series of Þeld tests, the optimal ratio of the compounds Z11Ð16:Ac: Z11Ð16:Ald: Z11Ð16:OH is 10: 10:1. Single components showed weak or no attractiveness. One ratio caught a signiÞcant number of N. mesorphna male moths in the Þeld but no T. cretacea. Our Þeld data showed that there is considerable potential for the use of synthetic sex pheromone lures to control and monitor T. cretacea populations in jasmine Þelds. The electrophysiological results suggest that the olfactory receptors discriminate on the basis of the position of carbon double bonds and E/Z isomer structures.
Z11Ð16:Ac, Z11Ð16:Ald, and Z11Ð16:OH are major or minor components of the sex pheromone of many lepidopteran species, especially in the Families Crambidae and Noctuidae (El-Sayed 2011). The mixture of Z11Ð16:Ac, Z11Ð16:Ald, and Z11Ð16:OH is the sex pheromone of the diamondback moth Plutella xylostella (Lin et al. 1982 , Maa et al. 1984 , Suckling et al. 2002 , Yang et al. 2007 ). The pheromone of the pink stem borer Sesamia inferens is a blend of Z11Ð16:Ac and Z11Ð16:OH (Zhu et al. 1987 , Nagayama et al. 2006 . In some of our preliminary tests, we occasionally observed a small number of P. xylostella and S. inferens moths from nearby vegetable and maize Þelds caught in the traps, which helped us to identify the chemical structure of the T. cretacea sex pheromone. However, the ratio of the three compounds in T. cretacea differs from that of P. xylostella. The optimal pheromone blend of P. xylostella was 1% Z11Ð16:OH and any increase in the percentage in the blend dramatically reduced its attractiveness (Yang et al. 2007 ).
In the Chinese population of P. xylostella, Z9 Ð14:Ac synergizes the three-component mixture, and the percentage of Z11Ð16:Ac should be higher than that of Z11Ð16:Ald in the pheromone blend for the best trapping result (Y.D., unpublished data). Therefore, the blend ratio is crucial for mate Þnding. Moreover, the best dosage of T. cretacea pheromone mixture is much higher than that of P. xylostella.
The different results obtained in the doseÐresponse trials in the different seasons (Fig. 6) , could be because of the effect of different environmental conditions on the release rate of the pheromone dispensers. The emission of rubber septa is highly temperature dependent. This could be because of lower temperature later in the season reducing release rate of pheromone from dispensers, which could reduce moth catch in traps. Rubber septa loaded with 1000, 100, and 10 g (Z)-8-dodecenyl acetate released 219, 12, and 1.2 ng/h, respectively. Meanwhile, the rubber septa emitted the corresponding alcohol, (Z)-8-dodecenyl alcohol, Ϸ3 times faster than the acetate (Baker et al. 1980) . Thus, an optimum dose is not an exact parameter on which to base attraction. Optimum emission rates (micrograms per day or per hour) are more suitable because they give a better idea of the available airborne pheromone. We need to study the emission rate of the T. cretacea sex pheromone in the different substrates to obtain a better measure of what the moth is sensing around the lure.
In practical terms, the dose of 200 g Z11Ð16:Ac, 200 g Z11Ð16:Ald, and 20 g Z11Ð16:OH loaded per lure should represent a good compromise between providing a highly attractive lure for monitoring and control, and the economic costs of the chemicals. The efÞciency of control by pheromone mass trapping is being evaluated over a large area by local plant protection stations. Furthermore, the best trap design for T. cretacea was the sticky wing trap, which caught more moths than the Noctuid moth trap (unpublished data). However, the use of sticky traps for control in large Þelds is limited because they are labor intensive and their trapping efÞciency decreases in the rainy season. New designs for pheromone traps for mass trapping or mating disruption may be more reasonable for future applications of pheromones in jasmine Þelds.
As a result of this work, a lure consisting of a silicone rubber septum impregnated with a blend of Z11Ð16: Ac, Z11Ð16:Ald, and Z11Ð16:OH at a ratio of 10:10:1 is recommended for monitoring T. cretacea. Work is in progress to further optimize a trapping system for population surveillance of this increasingly important pest species.
